Abstract Attention-deficit hyperactivity disorder (ADHD) and substance use disorders (SUDs) may have common etiologies. ADHD is more prevalent in patients with substance use disorders, and this pattern is consistent across different substances of abuse. Individuals with SUDs and ADHD exhibit significant variations in their clinical presentations. The developmental trajectory of ADHD to SUDs is complex: ADHD symptoms appear first in some patients but not in others. Many patients present with a heterogeneous collection of psychiatric and substance use co-morbidities, and these symptoms change over time. ADHD symptom severity is also highly variable, and more severe ADHD symptoms worsen comorbid SUDs and complicate treatment. New longitudinal studies with innovative methods in high-risk populations and in community-based samples may clarify issues related to patient-treatment matching. When closely monitored, psychostimulant and other adjunct medications can be safely used to treat ADHD in this population, and such treatment may also improve outcome of SUDs. In particular, emerging evidence suggests individual-level tailoring ("precision medicine") approaches may represent a key pathway to improve clinical outcome.
Introduction
Attention-deficit hyperactivity disorder ADHD is a neurodevelopmental disorder with three symptom domains: (1) inattention: short attention span for age, difficulty listening, attending to interpersonal and sensory stimuli, and easy distractibility; (2) impulsivity: frequently interrupting others, having difficulty waiting for his or her turn, or risk-taking behavior; 3) hyperactivity: constant motion, excessive talking, and inability to stay on task. Recent evidence suggests persistent ADHD symptoms are associated with long-term negative outcomes such as educational failure and occupational impairment [1] and mortality [2••] . ADHD frequently co-occurs with other neuropsychiatric disorders. Matching patients with ADHD with appropriate treatment that address these comorbidities represents an important public health challenge.
Co-morbid ADHD and Substance Use Disorders
In the past 20 years, numerous studies have provided evidence that ADHD is more prevalent in individuals with a substance use disorder. In early studies, the overall prevalence has varied between 10 and 15% in patients presenting with cocaine and alcohol users [3, 4] to 24% in a sample from chemical dependency treatment centers that also have a high co-morbid rate for conduct disorders [5] . In recent meta-analyses, the overall prevalence of ADHD in substance use disorder (SUD) patients was about 23.1% [6] , with variations influenced by the diagnostic instrument and substance of abuse. Interestingly, cocaine was found to be associated with a lower ADHD prevalence. A large recent cross-sectional study showed that adult ADHD prevalence in patients with SUDs varied between 5.4 and 31.3%, with an average of 14%, depending on the country, and prevalence estimates for DSM-5 (9-33%) were slightly higher than for DSM-IV [7•] .
While early treatment studies have focused on co-morbid ADHD and cocaine use disorder, and in patients also with opioid use disorder [8] , more recent studies indicate that a variety of substances of abuse, not limited to cocaine, are associated with ADHD symptoms [9] . The International ADHD in Substance Use Disorders Prevalence (IASP) study was the largest and newest epidemiological study in this area [10•] and reported that adjusting for other covariates, patients with ADHD had a higher prevalence of primary alcohol use disorder (34.5 vs. 8.2%, odds ratio 7.0) and other substance use disorders (29.0 vs. 16.7%, OR 3.4). More recently, increasing attention has been focusing on cannabis use disorder. In particular, adolescents who presented for cannabis use treatment also showed a high rate of ADHD [11] , and similar patterns were observed in adults [12] . Given the higher prevalence of alcohol and cannabis use disorders, exploring ADHD in these patients represents a novel strategy for intervention.
Developmental Neuroscience: Common Pathways
Interest in characterizing ADHD as a developmental disorder has been motivated by the rise in SUDs in adolescents and the establishment of large cohort longitudinal studies such as Monitoring the Future in the 1970s [13] . Longitudinal studies of young children followed into adolescence and adulthood suggest overlapping symptoms of ADHD, such as difficulty with self-regulation, "novelty-seeking," fidgeting, and impulsive aggression, and identified a constellation of traits variously discussed as "behavioral undercontrol" [14] and "disinhibition" [15] . A consistent finding is that children with ADHD symptoms subsequently have a higher risk of developing an SUD, though evidence for specific substances of abuse, demographic features, and timing can be highly variable [16] . This led to the idea of a bidirectional casual process [17] of functional decline. Biological vulnerabilities predating substance use generate ADHD symptoms and related traits such as difficulty sustaining attention, impulsivity, and hyperactivity. These traits are related to neurocognitive deficits and executive dysfunction, which lead to childhood-onset impairments in academic and social domains. These impairments can then lead to conduct problems such defiance, rule breaking, and antisocial behavior. This triggers a higher risk for emergence and maintenance of SUDs, which in turn worsens functioning in adolescence and adulthood. SUDs more directly impair vocational and academic performance, as well as familial relationships, and these may present as stressors that worsen ADHD symptoms and other co-morbid psychiatric conditions, such as depression.
The discovery of effective pharmacological intervention for ADHD suggests both ADHD and SUD may represent abnormalities in related neural circuits and, in particular, circuits related to reward processing [18] . There is convincing evidence that ADHD is associated with underactivity of the dopamine reward pathway. Dopamine transporter (DAT) binding in positron emission tomography (PET) was diffusely decreased across different areas, including the nucleus accumbens (NAc), the midbrain, left caudate, and hypothalamus in patients with ADHD [19] . D2/3 receptor binding in the midbrain, caudate, and hypothalamus was shown to be significantly lower in patients with ADHD [20] . Similar deficits in dopamine activity were shown in patients with SUDs, including a blunted ventral striatal DA release after the administration of methylphenidate [21] , and this deficit was associated with cue-induced craving [22] . Drug use increased dopamine release, and withdrawal induced a decrease in D2 receptors and dopamine release [20] . D2 reductions were associated with decreased activity in the anterior cingulate and orbitofrontal cortex and this may be a mechanism for compulsive drug administration [19] . The extent to which this effect occurs is variable, and some substance of abuse, such as cannabis and opiates, do not robustly increase dopamine levels [23] . Underactivity in these areas, part of the fronto-parietal executive function network, was also consistently associated with ADHD symptoms in demographically and clinically diverse samples [24] , In summary, it appears that, overall, there is a deficit in dopamine transmission in both ADHD and SUDs, but the mechanism through which this deficit occurs, either with decreases in DAT/Dopamine receptors, or through decrease in dopamine binding and release, appears complex and heterogeneous.
A separate but related line of investigation in this area involves untangling the developmental neuroscience of delayed reward using primarily functional neuroimaging (fMRI). For example, there is some evidence that children with ADHD do not modify their behavior in the face of changing rewards [25] , and similar deficits in delayed rewards existed in substance users [26] . fMRI data suggested decreased NAc activation for immediate and delayed rewards [27] and reward anticipation [28] in patients with ADHD. Furthermore, methylphenidate normalized differences in attention between children with ADHD and controls, and this effect is associated with upregulation of fronto-parietal executive function network and the temporal-parietal attentional network [29] . Several fMRI studies also suggested methylphenidate improved inhibitory control in the prefrontal cortex [30] . How and for whom dopamine release regulate these functional networks, and to what extent are these circuits modifiable through psychosocial interventions such as cognitive behavioral therapy (CBT), are active areas of investigation. A landmark large multi-site longitudinal study, Adolescent Brain Cognitive Development Study (ABCD), has been launched recently to study the developmental trajectory of these functional circuits in the adolescent brain in time and their relations to the development of pathology. Results from this study will further shed light on the developmental neuroscience of ADHD and SUDs.
A focus of attention on development of co-morbid ADHD and SUDs recently turned to an interest cohort: individuals who meet all DSM-5 criteria for ADHD except the onset by age 12 [31] . Ninety percent of these individuals were de novo [32•], meaning they had neither met childhood criteria nor come close to meeting the full criteria in childhood. Childhood-onset ADHD patients exhibited significant neurocognitive symptoms, whereas adult-onset ADHD patients did not. Adult-onset ADHD patients showed a comparable or higher degree of SUDs and other psychiatric co-morbidities. Some, but not all, of these individuals may experience ADHD symptoms as a result of chronic substance use, especially dopamine-releasing drugs such as cocaine and amphetamine. These broad patterns of finding were replicated in two independent cohorts [33, 34] , which showed that unlike childhood onset ADHD, "youngadult onset" ADHD was predominantly female [34] , and these two groups were non-overlapping. Older and smaller neuroimaging studies, however, indicated that the structural features of the gray matter of these adult-onset ADHD patients (previously classified as ADHD not otherwise specified) were more similar to healthy controls rather than patients with childhood onset ADHD [35] . These findings may support the hypothesis that within the ADHD SUD co-morbid cohort, the age onset of ADHD presents a unique stratifying variable for targeted interventions to optimize functional improvement.
A few more additional patterns have emerged in the developmental trajectory in these individuals. First, psychopathology in addition to ADHD and SUDs is the rule rather than the exception. Common disorders include major depression, dysthymia, social phobia, and personality disorders [4 , 14, 36] . In the new International ADHD and Substance Use Disorder Prevalence (IASP) dataset, 39.7% of individuals with primary alcohol use disorder and ADHD also have current depression, 34.5% of these patients have borderline personality disorder; 51.8% of all individuals with ADHD and any SUD have antisocial personality disorder [10] . Second, ADHD symptom subtypes are not stable longitudinally [37] : 52% of children with inattentive subtype and 33% of hyperactive subtype develop both symptom clusters (combined subtype) as adults; on the other hand, over 20% of children with combined subtype transition to either hyperactive or inattentive subtype in adults. Thirdly, the emergence of ADHD prior to SUDs are associated with a worse course of SUD, including earlier onset of SUDs, reduced probability, and longer time to remission, as well as poorer functional recovery [5, 14, 36] .
Treatment: Towards Precision Addiction Medicine
Given the likely bidirectional causal relationship between symptoms of ADHD and SUDs throughout development, effective treatment of ADHD symptoms is a critical component in successful management of SUDs. However, there is ongoing concern with abuse and diversion of psychostimulants, the mainstays of pharmacotherapeutics of ADHD in patients with SUDs. From clinical experience, the abuse liability of prescribed psychostimulants, especially longer acting formulations, is low. Two studies from the National Drug Treatment Clinical Trials Network (CTN) evaluated subjective effects of osmotic-release oral systems methylphenidate (OROS-MPH) showed that adolescents with SUDs did not report euphoria more often, and not more likely to report losing pills or needing replacements between OROS-MPH and placebo [38] , and no significant difference was detected in self-reported patterns of selling or misusing of medications. While IV cocaine and methylphenidate produce euphoria [21, 39] , oral methylphenidate has a slower striatal uptake and, therefore, can effectively treat ADHD symptoms without producing significant euphoria.
A recent study examined nonmedical use and diversion of psychostimulants [40] showed a lower overall incidence (past year 1.1% for immediate-release amphetamine, 0.5% extended-release amphetamine, less than 0.5% for all methylphenidate formulations). Methylphenidate can be given safely to cocaine users without significantly affecting cardiovascular characteristics [41] .
Psychostimulant treatment is a safe and effective treatment for ADHD symptoms, but is it also effective in curbing drug use in this co-morbid population? A recently meta-analysis of 13 outpatient pharmacologic trials [42] showed a mixed pattern: while ADHD symptoms improved, no overall beneficial effect on drug abstinence was detected. These studies have a variety of limitations, including high dropout rates, short time for outcome assessment, and under-dosing of stimulants and possible lack of patient-treatment matching. Two recent randomized controlled trials have shown promise in using robust dosing of psychostimulants in this population. First, a randomized controlled trial using OROS-MPH up to 180 mg daily in criminal offenders showed that those on MPH had greater retention in treatment, greater improvement in ADHD symptoms, and greater proportion of negative drug urine (23 vs. 16%) [43] . In another study with 126 outpatients at two centers, patients with both ADHD and cocaine use disorder who were treated with 80 mg of extended-release mixed amphetamine salt had a greater continuous abstinence rates in the last 3 weeks compared to placebo (30 vs. 7%) when combined with CBT and voucher incentives for attendance [44•] .
Two CTN studies testing methylphenidate for adolescent substance users [45] and adult smokers [46] demonstrate the importance of patient-treatment matching in this population. In both studies, methylphenidate did not show a significant effect overall for substance use outcomes. However, methylphenidate reduced substance use in adolescents with comorbid conduct disorder [47] . In adults, methylphenidate improved nicotine abstinence in those with more severe ADHD but made it more difficult to achieve in individuals with less severe ADHD [48] . Computational modeling suggests optimal treatment assignment using a simple clinical rule, treating only patients with more severe cases with ADHD Rating Scale (ADHD-RS) >35 could further increase the rate of achieving prolonged abstinence from tobacco by 10% [49] . There are other potential pathways of treatment matching in this co-morbid population: early data suggest atomoxetine, a non-stimulant medication for ADHD, may be uniquely beneficial for alcohol use disorder [50] and this may be due to nonlinear effects when combinations of drugs, such as alcohol and stimulants, are taken together [51] . These early treatment matching efforts are illustrations of a rapidly expanding area of research-"precision addiction medicine": the idea that the large number of possible treatment combinations for a complex, common, and heterogeneous condition such as ADHD with co-morbid SUD can be tailored and matched based on individual patient characteristics. For example, computational models may be constructed to estimate the risk for diversion and major side effects in prescription of psychostimulants for an individual patient and inform risk vs. benefit in clinical encounters; computer algorithms may suggest optimal pathways of psychopharmacology (stimulant vs. non-stimulant) based on a combination of data sources such as genetics, neuroimaging, and clinical characteristics; novel biomarkers that predict individual treatment response may be designed and tested based on our understanding of the common neural circuits involved in both ADHD and SUD.
Personalized and optimal treatment for ADHD and SUDs can have a large public health impact. Emerging evidence suggests that long-term treatment with medications may have a significantly positive public health impact, especially if treatment is targeted to high-risk groups. In a recently published naturalistic study, 60 male patients with severe SUDs and ADHD were followed after inpatient discharge for 1-2 years. The group that received ADHD medications had fewer substance relapses, more frequent voluntary treatments, and was more likely to be socially and vocationally rehabilitated [52] . A recent large registry-based study suggested that individuals with ADHD who received medications had a significant reduction in criminality compared to those who did not, with a potentially large effect size (relative risk reduction of 32% in men and 41% in women) [53] . At a systems level, precision medicine principles can be applied at a large scale: future research studies may examine whether individuals in treatment systems can be matched to different degree of resources in psychosocial interventions based on baseline characteristics; responses to treatment at an individual level may be tracked and interventions made adaptive in real time.
Conclusion
More than two decades of research has shown that ADHD and SUDs, seemingly distinct clinical syndromes, have common etiological origins, occur frequently together, contribute to the development and maintenance of each other, and may also benefit from common treatment strategies. Recently, focus on research has been dissecting the underlying neurobiological substrates, testing adequately dosed medications, patient-treatment matching, and large longitudinal pragmatic studies. A focus of current research effort involves predicting treatment response and tailoring intervention on an individual level. We are optimistic that this integrated approach for research in this area will yield important insights that will have significant public health consequences. 
